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Diffuse Galactic light at high Galactic latitude: nature and 
interpretation 
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ABSTRACT 

The hypothesis of an extended red emission (ERE) in diffuse Galactic light (DGL) 
has been put forward in 1998 by Gordon, Witt & Friedmann who found that scattered 
starlight was not enough to explain the amount of DGL in the R band, in some high 
Galactic latitude directions. This paper re-investigates, for high Galactic latitudes, the 
brightnesses and colors of DGL, integrated starlight (ISGL), and of the total extra- 
solar light (ISGL+DGL) measured by Pioneer. Under the traditional assumption that 
DGL is forward scattering of background starlight by interstellar dust on the line of 
sight, ISGL and Pioneer have very close colors, as it is found in Gordon, Witt & 
Friedmann (1998). Pioneer observations at high |6| thus accept an alternative and 
simple interpretation, with no involvement of ERE in DGL. 
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1 INTRODUCTION 

Existence of a diffuse Galactic light component (DGL) 
in the night sky, at visible wavelengths, arising from 
the scattering of starlight by inter stellar matter in the 
Galaxy, was est ablished in the 1930s (|Struve fc Elvevll 19361 : 
lElvev fc Roachlll937l ). It was quickly realized that the scat- 
tering is not of Rayleigh type, but that most of the scat- 
tered starlight is thrown in the direction of the i ncident 
beam ; and that the grains have a large albedo (|Struvel 
1 19371 : iHenvev fc Greensteinl Il94ll ) . The particles responsi- 
ble for the scattering must therefore be large interstel- 
lar grains, rather than fine cosmic dust, presumably the 
same which are responsible for the li near visible extinc- 
tion (|Stebbins. Huffer fc Whitfordll939l ). Interstellar extinc- 
tion and DGL occur in discrete, structured, Galactic c louds, 
in wh ich dust grains and gas are intimately mixed l|Lillevl 
ll955lL a nd no t fr om a pervasive, homogenou s med ium 
Schalenl (Il929h andfstebbins. Huffer fc Whitfordl l| 19391 ) for 



extinctionT fMattilal |l970h : iRoach fc al.l fll972h for DGL]. 

In this paper I shall be interested in DGL at high Galac- 
tic latitudes (|fe| 30°), which is much weaker th an to- 
wards the Milky Way (fig. 4 in iRoach fc all i| 19721 )1. but 
may be easier to interpret because of the low column den- 
sities generally found along these sight-lin es. Early obser- 
vation of DGL at high |b| can be found in Ide Vaucouleursl 
i| 19551 ) (seelZagurvl (I2000I )). on Palomar plates (jLvndJ 19651 ). 
and in lSandagel (|l97rj ). In the late 1970s' and in the 1980s', 
two major advances in astrophysical means of observation 
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completed our understanding of DGL, and allowed a better 
estimate of its strength at high Galatic latitudes. Firstly, 
night sky brightness surveys have been d one from out - 
side our atmosphere (Pion e er ob servations, iTollerl l|l98ll ): 
iToller. Tanabe fc Weinberg (|l987r i). thus facilitating evalu- 
ation of extra solar system light (DGL + direct starlight), 
especially at the high |6|, since atmospheric effects are re- 
moved. 

Secondly, the InfraRed Astronomical Satellite (IRAS) 
100 /Urn images have revealed the thermal emission of the 
same interstellar large grains responsible for the visible in- 
terstellar extinction and for DGL, and give a direct view to 
the interstellar clouds in which DGL takes its origin. IRAS 
shows that the high latitude sky is largely covered by cirrus- 
like interstellar clouds with average low column densities 
(Figs. [T] [2] [3]). These high latitude clouds (HLCs) appear as 
extended layers of dust and gas, with filamentary structures, 
and represent a natural 'barrier' between the background 
starlight and us. They usually lie within 1 kpc from the sun. 
Following the interpretation of DGL recalled above, DGL 
from one high latitude direction should be nothing but the 
light from background stars close to this direction, forward- 
scattered by interstellar grains within the interstellar cirrus 
on the line of sight. The relative proximity of HLCs from 
the sun is a non-negligible parameter for the proportion of 
DGL in Pioneer observations: the farther they are, the less 
scattered light we will receive because a smaller proportion 
of stars will participate in their illumination (the dilution of 
scattered starlight with distance should also intervene, but 
to a lesser extent, since most of it is thrown in th e forward 
direction) . High latitude nebulosities discussed in ISandagel 
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(1 19761 ) are HLCs' regions of local brightness enhancements, 
either because of a local increase of the incident radiation 
field (due to the proximity of a bright star, for instance), a 
closer distance of the HLC to the sun, or because of higher 
column densities than the average. 

Observation of HLCs in the visible will generally 
require specific methods, like the recent CCD imag- 
ing techniques of low bright ness objects, introduced by 
iGuhathakurta fc Tvsonl (1989). Even so, the visible images 
one obtains are confusing m o st of the time (figs. 2, 3, and 
4 in IGuhathakurta fc Tvsonl d 19891)). Only one fiel d out o f 
the program initiated by IGuhathakurta fc Tvsonl l|l989h . 
MCLD 123.5 +24.9 in the Polaris Flare (~ 100 pc from 
the sun), gave detailed high resolution images, in the B, R 
and I bands, of the small scale structure a high latitude 
cloud can have, at a resolution of ~ 2" (150 times better 
than IRAS). These images (Fig. [2]) zoom into an HLC close 
to Polaris, and prove that interstellar cirrus are structured 
to much smaller scales than previously recorded by IRAS. 
Their analysis and comparison with IRAS 100 fim image of 
the field (Zagury, Boulanger & Banchet 1999), demonstrate 
that the brightnesses of the cloud in the R and I bands is 
due to forward scattering by large grains, in agreement with 
the interpretation of DGL. It further indicates that the ob- 
served region consists in a widespread medium of low optical 
depth (which fills the entire image of Fig. [2| , within which 
structures of much higher column densities (the spectacular 
features on the figure) are observed. 

Successive improvements in the observation of DGL 
have permitted a refined reflection on its nature, the main 
question being to know whether or not forward scattering by 
large interstellar grains explains all of DGL. Isotropic scat- 
tering by the gas or by tiny dust, or a backscattering lobe in 
the scattering cross-section of the large grains, for instance, 
could contribute to DGL. Emission processes could also par- 
ticipate in some wavelength range. 

An isotropic phase function, or a strong back-scattering 
lobe, would mean that DGL is, at least in part, reflected 
light. This has been suggested bv lWittJ ij 19681) after an analy- 
sis of o bservati ons in the same areas as lHenvev fc Greensteinl 
l|l94ll) . or by ISandagel |l976h . whose calculations showed 
that high latitude nebulosities observed in the visible could 
be reflected light from the Galac tic plane (an hypothesis 
suggested by Ivan der Berghl ( 19661)). None of these hypoth - 
esis however seem to hold. Ivan de Hulst fc de Jond (|l969l ) 
(see also iMattilal l|l97ll )). proved t hat a rigoro us treatment 
of the radiative transfer used by IWittl 1 19681 ). applied to 
the same observations, leads to a str ong forward scattering 
phase function and a large albedo, as iHenvev fc Greensteinl 
l|l94ll ) had found. The van der Bergh - Sandage's proposal 
that HL Cs are illumin ated by the Galactic plane is also prob- 
lematic (|Zagury||20o"oT) . since dense clumps a t high l atitud e 
are observed in absorption. The findings of iTollerl l|l98ll) . 
that the ratio of DGL to direct integrated starlight (ISGL) 
decreases with increasing latitude and has no pronounced 
dependence on longitude, would further be difficult to under- 
stand, since, if illumination comes from the Galactic plane, 
DGL in one direction would not depend on ISGL in the 
same direction (and should vary with longitude). Therefore, 
there is at present no indication that backscattering plays a 
significant role in DGL, a result I will use in the rest of the 
paper. 



The possibility of an emission process in DGL at 
high in addition to scattering, was recently ad- 

vanced by iGordon. Witt fc Friedmannl (Il998l ) (GWF here- 
after), who find that some 50% of DGL, in the red, 
comes from luminescence, an emission process (ERE for 
'Extended Red Emission') of some, yet still unknown 
particles, which would re-emit in the red the energy 
they absorb at sh orter wavelengths. This disco very was 
strengthened by thelGuhathakurta fc Tvsonl (|l989l ) (see also 
IGuhathakurta fc Cutril ( 1994 )) article, who found ERE at 
high |&| from an analysis of visible B an d R images of HLCs. 

The lGuhathakurta fc Tvsonl (|l989l ) detection of ERE in 
HLCs is based on Sandage's hypothesis of an illumination 
by the Galactic plane, and on an isotropic phase function, 
which, as recalled above, are not verified by observation. Fur- 
thermore, the red light from MCLD 123.5 +24.9 is well ex- 
plained by scattering alone, excluding any emission process : 
if, in MCLD 123.5 +24.9, red filaments over the field are red, 
it is because they are denser, and therefore extinguish blue 
light more quickly than red ligh t. In the densest cores ( as the 
dense clump detected in CO bv lFalgarone et all (Il998l ). and 
seen in absorption on the visible images), all B and R light 
is extinguished, leaving only small residual brightness in the 
I band, in conformity with what is expected from scattering. 

The finding of ERE at high Galactic latitude meets 
other important difficulties. Which are these particles that 
must be numerous enough to produce such a large emission 
in the red, and will require an extrem e luminescence photon 
conve rsion efficiency close to 100 % (IZubko. Smith fc Witt! 
1999)? Why can't the phenomenon be reproduced on earth 
where we have at our disposal a much more sophisticated 
chemistry than can be presumed to be the case in the basic 
and very low density conditions of an average high latitude 
cirrus? 

There are, therefore, reasons to question the GWF find- 
ing of ERE at high |6|, and to confront the GWF data with 
what one can expect from forward scattering by large grains 
in HLCs. This is a critical issue since ERE has become an 
important and unresolved topic in the study of the interstel- 
lar medium. 

This paper will be divided in two. The first part, Sects. [5] 
to[4l is an analysis of the GWF data and of the detection 
of ERE in DGL. In the second part, the low average col- 
umn density of HLCs will be used to propose an approach 
for the calculation of HLCs' brightness which involves only 
a few assumptions (a strong forward scattering phase func- 
tion and a large albedo, as it has been justified previously). 
Orders of magnitude will be calculated for the brightnesses 
and colors of ISGL, DGL, and Pioneer, in the direction of 
a low column density cirrus, assuming DGL is scattering 
alone. An important outcome will be to verify whether or 
not these estimates can explain the very close colors found 
for Pioneer and integrated starlight in GWF. 



2 NOTATIONS AND DATA 

I follow GWF's notations which define, for a given direction, 
in units of intensities per unit solid angle: Pb and Pr, the 
Pioneer surface brightnesses in the B and R bands, after 
zodiacal light has been substracted; isgls and isgln, the 
'integrated star/Galaxy light' (ISGL) for objects with V- 
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Figure 1. IRAS 100 fim image (equatorial coordinates) centered 
on Polaris. The field is 13° X 13° wide. 




Figure 2. I-band image of the region limited by the white square 
in Fig. [T] magnified 150 times (resolution = 2"). The field is 
~ 50' X 50' wide, centered on Qig 50 = 01/i33' /3ig 50 = 87°38'. 
The image shows that the structure of interstellar cirrus -still not 
resolved in this image- extends to much smaller scales than ob- 
served by IRAS. Scattering by forward scatte ring grains fully ac- 
counts for the visible brightness of the cloud l|Zagurv et al.lll99Sl ) 
ruling out any emission process. 



magnitudes larger than 6.5 (my > 6.5), estimated from a 
compilation of several star catalogues; Sb and Sr the B 
and R brightnesses of DGL. Stars brighter than 6.5 mag in 
V have been substracted to the data for the calculation of 
these quantities. 

With these definitions 



Pr = Sr + isglR 
Pb = Sb + isgls 



(1) 



Pb and Pr, isgls and isglu, and Sb and Sr, are estimated 
in boxes 5° x 5° large, and along two cuts at Galactic lon- 
gitudes I = 0, between latitudes b = 30° and b = 60°, and 
I = 100, with —55° < b < —20°, called respectively region 

(a) and region (b). 

Fig. [3] displays IRAS 100 fim images of regions (a) and 

(b) . Region (b) and the high latitudes areas (b > 45°) of 
region (a) each sample a low column density HLC. The two 
lower Galactic latitude areas of field (a) are at the edge of 
the Scorpio-Centaurus association. 

The color of either Pioneer, ISGL, or DGL, is the ratio 
of the brightnesses in the R and B bands. The larger it is, 
the redder the color under consideration. 

The input data, from which all quantities will be de- 
duced, of GWF's work are Pioneer's night sky brightnesses 
in the B and R bands (brightest stars apart), Pr and Pb, on 
the one hand, the integrated starlight and galaxies bright- 
nesses (brightest stars apart), isglR and isglB, computed 
from several star catalogues, on the other. Relative error 
margins estimated in GWF are 3% and 2% for Pr and Pb 
(sect. 2.1 in GWF), 5% for isglR and isglB- Therefore, the 
error margins on Pioneer and ISGL colors are 



A^r— = 

Pb 

isglB 
(with Pr/Pb 



Pr 
Pb 
0.0S 



APr + APb 



0.13 

^ isgl R /isgl B 



(2) 



1.3, Fig.©. 



The error on the color difference is ~ 0.2. 



3 GWF DEMONSTRATION OF A NON 
SCATTERED COMPONENT IN DGL 

By subtracting the estimated ISGL to Pioneer B and R 
brightnesses, GWF calculate Sb and Sr, the B and R DGL 
brightnesses. DGL color Sr/Sb is then compared to ISGL's 
and Pioneer's. GWF conclude: "From Figure 14, it is ob- 
vious that the diffuse ISM is redder (larger Pr/Pb ratio) 
than either the Pioneer measurements or the ISGL. As the 
scattered component of the diffuse ISM (DGL) is bluer (see 
§ Jf..l) than Pioneer measurements, this requires that the 
nonscattered component is present in the red diffuse ISM 
intensity." (GWF, p.531). 

Fig. 14 of GWF is reproduced here (Fig. [J). 

GWF demonstration of a non-scattered component in 
DGL is thus divided into two. GWF first attempt to show 
from observations that DGL is redder than ISGL and Pio- 
neer. In the mean time, § 4.1 of GWF relies on t he Witt- 
Petersohn ('WP') model (|Witt fc Petersohnlll994l ) to show 
that scattered-DGL should be bluer than ISGL and Pioneer. 
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Figure 4. GWF fig. 14. Caption: 'Red/blue ratio for the Pioneer measurements, the ISGL, and the diffuse ISM. The first plot (a) 
displays the cut in Galactic longitude between 0° and 5° and the second plot (b), the cut between 95° and 100°.' 




Figure 3. IRAS 100 (im images of GWF fields (a), left, and (b), 
right. The brightest regions (saturated) of field (a) have surface 
brightnesses between 25 and 30MJy/sr. The surface brightness 
decreases to llMJy/sr at 40°. It is respectively ~ 3MJy/sr and 
~ lMJy/sr in the brightest and darkest parts above 45°. The 
brightest regions in field (b) have ~ 8MJy/sr surface brightness. 
The surface brightness falls to 5 MJy/sr in the regions where emis- 
sion is still discernable and 1.5 MJy/sr in the darkest parts. 



The contradiction between observations and the WP model 
leads the authors to assume there is ERE in DGL. 



COMPARISON OF ISGL, DGL AND 
PIONEER COLORS 



4.1 On the detection of ERE in DGL at I = 0° 

I = 100° 



and 



The second part of the GWF demonstration will easily be 
accepted: HLCs, as long as they are of low column density 
(presumed to be the case at high Galactic latitudes), must 
give a bluer scattered-DGL than ISGL does. In view of GWF 
fig. 14 (here Fig. [4}, and of the very large error bars on DGL 
color, the problem is rather to determine how precise is the 
comparison of DGL color to Pioneer's or ISGL's? 

The comparison, undertaken in GWF, of DGL's to Pi- 
oneer's or ISGL's colors is extremely unprecised due to the 
considerable amplification of the error margin of DGL color 
(Fig-HJ, a consequence of the successive subtractions and di- 
vision necessary to its estimate. However, as demonstrated 
below, this comparison can be done with much better accu- 
racy through a direct comparison of the 'input' data, ISGL 
and Pioneer colors. 

Indeed, to compare Sr/Sb and isgla/isglB is like com- 
paring Snisgls and SbisqIr. This is also equivalent to the 
comparison of Snisgls + isglRisgls = isgls(SR + isgln) 
and of SBisgln + isglRisgls = isgln(SB + isglB); that is 
(Equalities [1} of isglsPii and of isglnPs- 

Therefore, the comparison of Sr/Sb and isglR/isgls 
is strictly equivalent to the comparison of Pr/Pb and of 
isglR/isgls- One will similarly prove that the comparison 
of DGL color Sr/Sb to Pioneer's Pr/Pb, is equivalent to 
that of ISGL and Pioneer. 

We have 

Sr isgl R Pr isglR Sr Pr 

Sb isglB Pb isglB Sb Pb 



^>T^ (3) 



isglB Pb isglB 

Comparison of DGL and ISGL colors could have been re- 
sumed, with far better accuracy, to that of the input data, 
Pioneer's and ISGL's. 

For DGL to be much redder than ISGL, Pioneer needs 
to be significantly redder than ISGL. It is seen from the 
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two bottom curves in each plot of Fig. [4] (fig. 14 in GWF) 
that this is generally not the case. For all areas except the 
lower latitude one of field (a) (and maybe also the (a) area 
at b — 37°), 1SGL and Pioneer colors are equal within the 
error margin. It is therefore incorrect to deduce from this 
figure that observed DGL is redder than ISGL. 

The only areas in which one could claim to have de- 
tected ERE are the two lowest latitudes of cut (a). Notwith- 
standing, the ISGL R/B color is abnormally low in these 
areas. While it is expected to strongly increase when moving 
towards the Galactic plane (see Fig. [5] the lowest latitude 
areas of field (a) cover regions with high column densities 
and should have an even redder ISGL color than shown on 
the figure), the GWF's ISGL color along the cut decreases 
at the lowest latitudes. Therefore, either these two areas do 
not follow standard Galactic laws, or, the error margin given 
in GWF are underestimated (at least in these areas). The 
later case would imply that it is not possible to guarantee 
that Pioneer is, in these areas, much redder than ISGL. In 
the former, since Ay is much higher in these areas than at 
higher latitudes (Sect.|S}, it is still necessary to prove that 
scattered-DGL must be bluer than ISGL (this will be dis- 
cussed in Sect. 16.1.20 . Dense clumps in MCLD 123.5 +24.9 
for instance have nearly no blue surface brightness, and thus 
appear red, but this is an effect of extinction, not of ERE. 

4.2 Error bars in the GWF data 

The too blue ISGL color found in field (a) low latitude ar- 
eas could result from the method used to calculate B and R 
magnitudes of stars in the GWF Master Catalog, generally 
from the magnitude at one wavelength alone. For stars and 
galaxies with a Pb magnitude between 9.5 and 13, B and R 
magnitudes are extrapolated either from the V (A = 5600 A) 
or J (A = 4500 A) magnitudes of the Guide Star Catalog 
(sect. 3.2 in GWF). For stars between 6.5 V magnitude and 
9.5 Pb magnitude, with no available B and/or R magni- 
tudes, GWF will estimate the R and B magnitudes from 
the V one, with an algorithm which supposes a uniform 
reddening, dependent on the stars' distance only. This al- 
gorithm is the same for all regions, and does not take into 
account the much larger extinction in the lower latitude ar- 
eas of field (a). It would be good to know, in each area, what 
proportion of ISGL's B and R brightnesses was extrapolated 
by this method. A possible correction would necessarily go 
in the sense of a redder ISGL (and a color closer to Pio- 
neer's) than shown on the left plot of Fig. [4] for the low 
latitude points. In this case, the conservative 5% error mar- 
gin adopted in GWF (sect. 2.1) for the calculation of ISGL 
is underestimated. 

A second puzzling question on the GWF data concerns 
the ratios of DGL to ISGL in B and in R. These ratios, 
are, from figs. 12 and 13 in GWF (the values are unfor- 
tunately not tabulated in the paper), of order 40% in R 
and 30% in B (corresponding to DGL/Pioneer ratios of 
30% and 25%). This represents a considerable amount of 
DGL, even higher to what is found in the direction of the 
Galactic plane (~ 3 0%). From iTollerl (|l98ll ). or table 39 of 
iLeinert et"ai1 (|l998l ). DGL/ ISGL ratios should be less than 
20% for |6| ^ 30°, with no pronounced dependence on Galac- 
tic longitude. A too large DGL/ISGL ratio can result either 
from an over-estimate of Pioneer brightnesses, or, from an 
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Figure 5. R/B color of stars with mag > 6 at I = and I = 100. 
Computed from the Besancon Galactic Model. A slight reddening 
of 0.6 mag per kpc is assumed by the model. 

under-estimate of ISGL. A correction would necessarily in- 
crease the proportion of ISGL in Pioneer, and here again, 
contribute to make Pioneer and ISGL colors on Fig. Ueven 
more indistinguishable. 



5 MODELING PIONEER DATA AT HIGH 
LATITUDES 

Beside the question of an emission process in the red, the 
GWF paper raises the important problem of the pertinence 
of a model, and of the reliability of the conclusions one will 
deduce from it. To show that scattered-DGL should be bluer 
than ISGL (or Pioneer), and to estimate the strength of 
the non-scattered DGL (due to emission), the authors com- 
pute from a model which is meant to represent the Galaxy 
("Such a model exists and it is the Witt-Petersohn DGL 
model. . . The WP model treats the Galaxy as a gigantic re- 
flection nebula." GWF, p. 23) the color of scattered DGL. 
The model of the Galaxy is constructed from HI measure- 
ments in different directions, from which the authors will 
deduce a structure for the interstellar medium on the lines 
of sight. 

The WP model predictions never match the R band 
observations of DGL. For field (a) the predicted DGL scat- 
tered light surface brightness is lower than the observed one, 
which the authors attribute to the presence of ERE (fig. 16 
in GWF); in field (b) however, the predicted R brightness is 
curiously larger than the observed one (where is the ERE?). 
In the blue (fig. 15 in GWF), where ERE is not suspected, 
there is no more agreement between the model and the ob- 
servations: the model fails to reproduce the shape of ob- 
served DGL in field (a); it is larger for field (b) by a factor 
of 4. 

On what basis is it possible to accredit the conclusions 
of a model which is so far from the reality of the observa- 
tions it is meant to describe? GWF argue that any change 
of parameters in the model will give the same scattered- 
DGL color, bluer than ISGL and Pioneer (fig. 17 of GWF), 
and therefore that observed DGL is definitely redder than 
it should be if it was scattering alone. This may be inherent 
to the GWF-WP model, and certainly true for scattering 
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through a low column density medium (in which case no 
model is necessary), but does it mean that all models will 
give the same color? When will DGL be bluer than ISGL 
and Pioneer, and can't it be redder? 

Models for the inter stellar medium have been used 
l|Mattila fc Schemer! l|l978l ) , and references therein) to study 
the properties of DGL, and may be justified for regions close 
to the Galactic plane, which sample sight-lines with sepa- 
rated layers of different and high optical depths. The situ- 
ation at high Galactic latitudes is much different. In HLCs 
with low column densities on the average, in which CO is 
generally not detected, high optical depth clumps must give 
a marginal contribution to the overall brightness of the cir- 
rus at visible wavelengths, which should allow the use of 
low column densities approximations, and avoid constrain- 
ing the structure of the interstellar medium in a way we are 
not able to verify. This might provide an easier and more 
realistic way to understand the observations at hand. 



6 ANALYSIS OF DGL DATA AT HIGH 
GALACTIC LATITUDES 

Field (b), and the areas of field (a) with a Galactic lati- 
tude of over 45°, have fOO /im surface brightnesses between 
1.5 MJy/sr and 5 MJy/sr (the infrared surface brightness 
decrease with increasing Galactic latitude is due to the de- 
crease of the radiation field). A 100 /i m to visible extinc- 
tion r atio Iioo/Av of 18 MJy/sr/mag dBoulanger fc Peraulj 
1988), will give Ay values of less than 0.3 mag. 

The same order of magnitudes will be deduced 
from the NASA/IPAC ExtraGalactic Database (NED: 
http://nedwww.ipac.caltcch.edu/indcx.html) calculator of 
Galactic extinction (Schlcgcl ct al.l 1 19981 ). NED provides, 
from the analysis of infrared IRAS and DIRBE images, mean 
values of E(B — V) averaged over fields ~ 6' wide, with a 
precision of ~ 15%. For all but the two lowest latitude areas 
in (a), Ay ranges from 0.1 to 0.3 mag., with corresponding 
An between 0.07 and 0.25, and Ab between 0.1 and 0.4. 
A v , A B , Ar, given by NED are deduced fr om E(B - V) 
and s tandard conversion factors (Table 3 of ICardelli et al.l 
(1989)). For the two lowest latitudes of (a), NED will find 
Ay between 0.5 and 0.7, Ab between 0.3 and 0.6, and As 
between 0.6 and 1. 

The low average optical depth values found in all bands 
and in most of the GWF areas imply that high column den- 
sity clumps, if there are any, occupy a very small fraction 
of the sky and do not contribute much to DGL in these di- 
rections. Except, maybe, for the two lowest latitude areas 
in (a), the radiative transfer through the cirrus on the line 
of sight, independently of its structure, can be treated us - 
ing the single scattering approximation ((Zagurv et al.lll999T ) 
(eventually the low column density approximation when Ab 
is sufficiently small). These approximations constitute, for a 
given optical depth, an upper value of the scattered light 
surface brightness (in the front direction, it will diminish 
with multiple scattering). 

For one direction of the sky (one direction at high |fe|, 
as considered by GWF), and a given optical band (B, R, or 
V), let r be the average optical depth of the cirrus in that 
direction, and a the surface brightness (units of power per 



unit area per unit solid angle and unit wavelength) of direct 
starlight corrected for the cirrus reddening. 

1 introduce s, the proportion of a reddened by cirrus 
on the line of sight (s ^ 1). (1 — s)a is the proportion of 
a which either comes from stars in front of the cirrus, or 
from background stars seen through a hole, s is linked to 
the spatial repartition of the stars and to the filling factor 
of the cirrus. Blue stars being, on the average, closer to the 
Galactic plane sb should be larger than sb- s, as shown 
below, and will be an important parameter when the area 
which is considered contains directions with much different 
optical depths than the average. 

q will be the proportion of sa forward scattered by the 
cirrus, which is equal to the albedo, w, of interstellar grains, 
if single scattering applies and for a large forward scattering 
phase function of the grains. The exact value of lu, which is 
known to be large, is not a critical point for the orders of 
magnitudes which will be derived. For calculation purposes I 
will use, as GWF did and as it is traditiona ll y accepted (se e 
fig. 5 of iMathis. Rumpl fc Nordsieckl 1)19771 ): iDrainel 1)20031 ): 
GWF and references therein): q = lu — lub = Ws ~ 0.6. 

The surface brightness, S, of light forward scattered by 
a cirrus on the line of sight can be estimated from the energy 
balance between the forward directed light impinging on the 
cirrus, and coming out from it. The light absorbed by the 
cirrus corresponds to a surface brightness, using the single 
scattering approximation, of (1 — LUT)se~ T a. Consequently 

S = se~ T a — ((1 — lot) se~ T cr) 

= LUTSe~ T (T (4) 

S does not depend on the exact shape of the phase function 
(as long as it is forward directed). 
Then 



isgl — (l — s + se r ) a 

S — uiTse~ T a 

P — (l — s + se~ T + LUTse~ T ) a 

isglB 1- s R + s R e~ TR a R 

isgl B 1 — s B + s B e~ TB cr B 

Sb_ = T R c t b ~t r °R 

Sb tb <tb 

Pb 1 - s R + s R e~ TR + mT R s R e~ TR a R 

Pb 1 sb ~\~ s B e~ TB + LOT B s B e- TB a B 



Since ISGL is observed to be redder than the source radia- 
tion field a, (1 — s R + s R e~ TR )/(l — sb + sse~ TB ) must be 
larger than 1. With tb ~ 1.8th, it implies that sb is larger 
than 0.5sb, and therefore: s R ^ s R ^ 0.5s_r. 

In any band, the ratio of DGL to ISGL is (Eqs. [5} 

S _ T ST 

isgl 1 — s (1 — e~ T ) 

~ cue~ T (6) 

1 — ST 

The last approximation holds for the areas in which NED 
finds low column densities on the average (up to r ~ 0.5). In 
th ese areas, for S/isgl to be between 0.15 and 0.20 (table 39 
of iLeinert et all (Il998l )). or more (GWF), with an albedo 
10 ~ 0.6, s needs to be close to 1. Therefore most of the 
direct starlight we receive from fields (a) and (b) comes from 
behind the cirrus on the lines of sight (Fig. [3} and is largely 
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reddened by them. With s ~ 1, from Eqs. [5] 



isgl 
S 
P 

s 

isgl 
isgl 



e o 

Lore~ T o 

(1 + lot) e~ T o 



1+LUT 



(7) 



If S/isgl is l ess th an 0.2 at high latitudes (table 39 of 
iLeinert et"ail HHl)) r is less than 0.3, which is what NED 
finds over field (b) and the high latitudes areas of field (a). 
Scattered-DGL to ISGL ratios larger than 0.3 in B, as it is 
found in GWF (figs. 12 and 13), would imply larger optical 
depths (Ab ^ 0.5) along these sight-lines. 

The ratio of the input data ISGL and Pioneer (last 
equality of Eqs. 0, isgl/ P, should be larger in R than in B, 
with {isgl/P)n — (isgl/P)s ~ 0.5ujtb in between 0% and 
~ 10%. GWF find a larger ratio in B (70 to 75% against 65 

to 70% in R, fig. 12 in GWF), and a difference of 5%. 

This difference between expectations and the GWF data 
could be related to the possible sources of error on Pioneer 
and ISGL discussed in Sect. 14.21 

With s ~ 1, colors are 

isgln 



isgls 
Sr 
S b 
Pr 
Pb 



- tr or_ 

OB 



0.5r B 



OR 
OB 



TB 

1 + LOTR 
( 

1 + LOTB 



or 

OB 



q 5e 0. 5 r B ^R 
OB 



, OR 
OB 



1 + 0.5WTB 5 

e 

1 + LOTB 



r B OR_ 
OB 



(8) 



The color difference between Pioneer and ISGL will be 

Pr 
Pb 



isglR 
isgls 



— —LU- 



r B - t r 



1 + TBLO 

0.5uA 



1 + ujA b 



B 0.5A, 

e 



OB 

■ UL 

OB 



(9) 



Ab ~ 0.3 will give a color difference of 0.1 in absolute value, 
and a conservative Ab = 0.5 of less than 0.17. ISGL and 
Pioneer are thus expected to have very close colors, which 
agrees, despite the possible sources of error in the data 
(Sect. |U, with Fig. 0] To establish the presence of ERE 
in DGL, it is necessary to prove that Pioneer is redder than 
ISGL, and that the colors are separated with better preci- 
sion than the present 0.2 (Sect. [5]). 

Eqs. [5] also show that, as long as one can consider a mean 
reddening over the field, DGL will be twice bluer (even bluer 
than found in GWF), than ISGL or Pioneer. This may not 
always be the case however. If the medium is structured, 
and contains clumps of high optical depth but with small 
surface coverage, the color of ISGL could be that of the 
region outside the clumps and not differ much from the color 
of o, while the color of DGL will be ~ 0.5e a7Av o R /o B ■ DGL 
will be redder than ISGL for Av values larger than ~ 1. 

For high column density clumps (of optical depth r, 
large enough for blue light to be neglected, and with small 
overall surface coverage) immersed in a medium of negligible 
optical depth (isgl ~ o), one will obtain 

Pr isgln + Sr ^ or + Sr 

Pb isgls + Sb ob 



OR 
OB 



isgl R 



F — 

ob 

,Sr < 

OB 



(10) 



LOTRSe 



-t r OR 
OB ' 



(11) 



and 
Pr 

Pb isglB 

since single scattering gives an upper limit of scattered light 
brightness. Pioneer is now, as DGL, redder than ISGL. But, 
while the difference of reddening between DGL and ISGL 
can be large, the color difference between Pioneer and ISGL 
will remain small, less than 0.2s (with lu ~ 0.6 and or/or ~ 
!)• 



6.1 Discussion 

6.1.1 Low column densities regions 

With little assumptions the preceding calculations give a 
quantitative account of observations of night sky background 
starlight at high Galactic latitudes. It is clear from Eqs. [8] 
that in areas where column densities are not too high, DGL 
will be much bluer than the unreddened starlight color (by 
a factor of 2) and thus than ISGL or Pioneer. However, 
Pioneer color in these areas is not determined by DGL, but 
by ISGL, and the color difference between ISGL and Pioneer 
is expected to be extremely small, as was observed. 

These results are in conformity with what simple rea- 
soning would give. At high latitudes, extinction is e.g. low, 
Pioneer should be dominated by the ISGL, which suffers lit- 
tle extinction, while DGL represents a smaller fraction of 
Pioneer's surface brightness, because little extinction also 
means little scattering. Thus, Pioneer's color should ressem- 
ble that of ISGL. On the other hand, DGL is expected to 
be much bluer, in the proportion of tr/tb ~ 0.5. However, 
because DGL is weak, its color won't be easily determined, 
unless Pioneer and ISGL brightnesses can be set precisely. 

The interpretation of GWF fig. 14 (here Fig. 2| for ar- 
eas in field (a) at b > 45°, and over all field (b), is then 
straightforward: in these areas, ISGL and Pioneer have very 
close colors which cannot be separated within the GWF er- 
ror margin. 

Local increases of column density in these areas, due 
to the small scale structure of the medium, will not modify 
the low column density approximation. Because of the low 
optical depths NED finds in field (b) and for the (a)-field 
areas at b > 45°, the number of such high density clumps 
must remain marginal. Note that CO is not detected in these 



6.1.2 Effect of an increase of column density on the 
observed colors 

To get better insight into the effect an increase of column 
density can have, I have considered (end of Sect. |SJ) the 
case in which one of the GWF areas would be composed of 
very dense clumps (dense enough to extinguish background 
starlight, an d absorb all blue ligh t, as for the dense clump 
mentioned in lZagurv et al.l l|l999h ) with an appreciable sur- 
face coverage, embedded in a low column density medium. 
The color of DGL, given by the color of the clumps, will be 
red. The color of ISGL, on the contrary, will be given by 
the stars observed through the low column density medium, 
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and be much bluer than DGL. In this case, scattered-DGL, 
and Pioneer, can be redder than ISGL. 

We see that the relative colors of DGL, Pioneer, and 
ISGL, depend on the column density and on the structure of 
the interstellar medium. The claim that DGL should always 
be bluer than ISGL, whichever model is used, is therefore 
not correct. 

The (a) areas under b — 45° (3 data-points on Fig. [4]) 
are in the densest parts of the HI loop at the edge of the 
Scorpio-Centaurus association and have high infrared sur- 
face brightnesses. Zeta Oph [my = 2.6), a few degrees apart, 
may contribute to the heating of the region and to the en- 
hancement, up to 30 MJy/sr, of its 100 /im infrared emis- 
sion. Notwithstanding, the column density must be higher 
in these areas than it is in the higher latitudes ones of field 
(a), or in field (b). There is, in these areas, an increase in the 
average HI column density l|de Geuslll988l ) , and hence of the 
visible extinction, attested by the much higher values found 
by NED; CO is det ected at the brightest IRAS positions 
l|Laureiis et al.l ll995). The highest column densities are also 
proved by the drop in ISGL brightnesses (GWF, fig. 12, left 
plot) GWF finds in these areas. 

It is improbable, however, that the higher column den- 
sities in these regions can explain the difference between 
Pioneer and ISGL colors observed on Fig. [3] It would first 
require clumps with Av values larger than 1 and an appre- 
ciable surface coverage (end of Sect. [6]). Even so, the color 
difference between ISGL and Pioneer should be much less 
than 0.2 (if DGL is scattered light only). As pointed out in 
Sect. 14.21 this difference needs to be confirmed by a more 
precise estimate of the uncertainties in the GWF data. 



7 CONCLUSION 

This study of DGL at high \b\ has first unravelled several 
problems in the method and data GWF have used to pro- 
pose detection of ERE in DGL. It was also found that the 
near equality between Pioneer and ISGL colors, found by 
GWF, is expected if DGL results from the scattering of back- 
ground starlight by interstellar dust in the cirrus on the line 
of sight. Also, orders of magnitudes have been calculated 
which agree with observation and do not introduce assump- 
tions on the structure of the interstellar medium, for the 
strength and color of Pioneer, ISGL, and (scattered) DGL, 
at high Galactic latitudes. 

Concerning the GWF paper, it was remarked that com- 
parison of DGL and Pioneer or ISGL colors could be re- 
duced, with far better accuracy and no need of estimating 
the color of DGL, to the comparison of Pioneer and ISGL 
colors. This comparison shows that, in most areas, Pioneer 
and ISGL colors are equal within the error margins. It is 
therefore not possible to conclude, in these areas, on the 
presence of ERE in DGL. 

It is only in the two areas of field (a) at latitudes under 
45° that Pioneer and ISGL colors are separated enough to 
indicate a possible detection of ERE. However, column den- 
sities in these areas, at the edge of Scorpio-Centaurus as- 
sociation, are much larger than at higher latitudes, so that 
there is no more guaranty that DGL should be bluer than 
ISGL. 

Detection of ERE in GWF coincides with peculiarities 



of the GWF data which would need a detailed examination: 
a too blue color of ISGL in the low latitudes areas of field (a), 
and a much too large proportion of DGL in Pioneer, in all 
areas. The algorithm used to derive ISGL's B and R bright- 
nesses, from the V magnitude of the stars, doesn't integrate 
the larger optical depths along some lines of sight, and may 
contribute to its too blue color in the lowest latitudes of 
field (a). The mu ch larg e r DGL /ISGL ratio (> 30% ) than 
expected ( < 20 % , iTollej (Il98ll ) ; ILeinert et ail <| 19981) ) , espe- 
cially in the red, found in GWF, may indicate that Pioneer 
background night sky brightnesses are overestimated or that 
ISGL's are underestimated. Correction of either one or the 
other effects will bring ISGL and Pioneer colors of GWF's 
fig. 14 even closer. Therefore, either uncertainties have been 
underestimated, or, Galactic longitudes I — and I — 100 
have specific, remarkable properties which need to be inves- 
tigated. 

The investigations and orders of magnitude derived in 
Sect. [6] for Pioneer, ISGL, and scattered-DGL brightnesses 
and color, are consistent with observation. They show the 
agreement between the observed range of average optical 
depths given by NED in fields (a) and (b ) . and the observed 
ra tios of DGL t o ISGL given by iTolleij (119811 ) or table 39 
of ILeinert et all (QUI), assuming all of DGL is scattered 
starlight. They explain the close colors of ISGL and Pio- 
neer, which cannot be separated within the precision of the 
observations, found in most of the GWF areas. These in- 
vestigations also prove that scattered-DGL can take a wide 
range of colors, from much bluer than ISGL and Pioneer in 
not too high column density media, to much redder than 
ISGL if the medium is structured and contains clumps of 
sufficiently high Av values. ISGL's color should always stay 
close to that of Pioneer. 

Pioneer data can therefore be well understood, without 
the use of a hypothetical model of the interstellar medium, 
within the traditional comprehension of DGL, which is the 
scattering of background starlight by dust embedded in fore- 
ground interstellar cirrus. In this respect, IRAS images, com- 
bined with reddening estimates and models of the distribu- 
tion of stars in the Galaxy, appear to be a powerful tool for 
the analysis of DGL observations. 

It will also be noted that this standard interpretation 
of DGL was found to hold well for the visible images of 
HLC MCLD 123.5 +24.9, at a resolution better than 2", in 
comparison to the 5° x 5° GWF boxes. 

In view of the analysis here of the data presented 
by GWF, the detection of ERE in the diffuse interstellar 
medium seems premature, and requires further investiga- 
tions. 



ACKNOWLEDGMENTS 

This work was partially funded by a NATO fellowship. 



REFERENCES 

van der Bergh S., 1966, AJ, 71, 990 
Boulanger F., Perault M., 1988, ApJ, 330, 964 
Cardelli J.A., Clayton, Mathis J.S., 1989, ApJ, 345, 245 
de Vaucouleurs, G., 1955, AJ, 60, 126 



DGL at high \b\ 9 

Draine B.T., 2003, ApJ, 598, 1017 

Elvey C.T., Roach F.E., 1937, ApJ, 85, 213 

Falgaronc E., Panis J.F., Heithausen A., Perault M., 

Stutzki J., Puget J.L., Bensch F., 1998, A&A, 331, 669 
de Geus E., 1988, Ph.D. thesis, Leiden University 
Gordon K.D., Witt A.N., Fricdmann B.C., 1998, ApJ, 498, 

522 (GWF) 

Guhathakurta P., Tyson J.A, 1989, ApJ, 346, 773 
Guhathakurta, P. & Cutri, R.M., 1994, ASP Conf. Series, 
58, 34 

Henyey L.C., Greenstein J.L., 1941, ApJ, 93, 70 

van de Hulst H.C., de Jong T., 1969, Physica, 41, 151 

Laureijs R.J., Fukui Y., Helou G., Mizuno A., Imaoka K., 

Clark F.O., 1995, ApJS, 101, 87 
Leinert Ch., et al., 1998, A&AS, 127,1 
Lilley A.E., 1955, ApJ, 121, 559 
Lynds, B.T., 1965, ApJS, 12, 163 
Mattila K., 1970, A&A, 9, 53 
Mattila K., 1971, A&A, 15, 292 
Mattila K., Scheffler H., 1978, A&A, 66, 211 
Mathis J.S., Rumpl W., Nordsieck K.H., 1977, ApJ, 217, 

425 

Roach F.E., Smith L.L., Pfleiderer J., Batishko C, 

Batishko K., 1972, ApJ, 173, 343 
Robin A.C., Reyle C, Derriere S., Picaud S., 2003, A&A, 

409, 523 
Sandage, A., 1976, AJ, 81, 954 
Schalen C, 1929, Ast. Nach., 236, 249 
Schlegel D., Finkbeiner D.P., Davis M., 1998, ApJ, 500, 

525 

Stebbins J., Huffer CM., Whitford A.E., 1939, ApJ, 90, 
209 

Struve O., Elvey C.T., 1936, ApJ, 83, 162 
Struve O., 1937, ApJ, 85, 194 

Toller G.N., Ph.D. Thesis, State University of New York 

at Stony Brook 
Toller G.N., Tanabe H., Weinberg J.L., 1987, A&A, 188, 

24 

Witt A.N., 1968, AJ, 152, 59 

Witt A.N., Petersohn L.K., 1994, ASP Conf. Ser. 58, eds 

R.M. Cutri & W.B. Latter 
Zagury F., Boulanger F., Banchet V., 1999, A&A, 352, 645 
Zagury F., 2000, New A, 5, 285 

Zubko V.G., Smith T.L., Witt A.N., 1999, ApJ, 511, L57 



This paper has been typeset from a TffjX/ DTj^X file prepared 
by the author. 



